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After a brief account on the magnetic properties of small nickel particles dis- 
persed on a high surface area silica matrix, an experimental setup for the measure- 
ment of the influence of the adsorption of gases on the low-field magnetization of 
nickel-on-silica catalysts is described. 

For two catalysts, a coprecipitated nickel-on-silica catalyst and a nickel-on- 
kieselguhr catalyst, results of these measurements are communicated. For nickel 
particles behaving superparamagnetically, the decrease in magnetization per ad- 
sorbed molecule was the same for hydrogen, carbon monoxide, and oxygen. At 
high coverages, the decrease by carbon monoxide adsorption was less. 

By gradually increasing the mean radius of the nickel particles, an increasing 
part of them does not behave superparamagnetically. 

The effect of adsorption on the magnetization of not completely superpara- 
magnetic systems is twofold. Both an increase, resulting from a lowering of the 
magnetic anisotropy energy, and a decrease, because the spin pairing of electrons 
bv adsorption decreases the number of unpaired d-electrons in the metal, are 
observed. Possible explanations for the 
indicated. 

INTRODUCTION 

The nature of the chemisorption bond 
of common gases on metal surfaces is still 
not completely clear. There is, however, 
empirical evidence (1) that the chemisorp- 
tion of gases, such as H,, CO, and Nz, on 
metals is confined to the transition metals, 
which are characterized by the presence of 
empty d-levels in the Mott and Jones (2) 
conception of the structure of metals, or 
unoccupied atomic d-orbitals in the con- 
ception of Pauling (3) .+ From this it ma\ 
be expected that in systems where a large 
part of the metal atoms is present in the 
surface layer, there will be a measurable 
influence of a chemisorption process on the 
d-electron system of the whole metal. This 

*After atomization hydrogen may also be 
chemisorbed by &P-metals (5). Cuber et nl. 
(6) who studied this phenomenon, concluded, hole- 
ever, that it was a bonding tvpe clearly distinct 
from the bonding on transition metals. 

lowering of the magnetic anisotropy are 

influence manifests itself in the magnetic 
properties of the metal. An accurate knowl- 
edge of this influence would be very useful 
for the elucidation of the mechanism of 
chemisorption. 

In measuring the effects of chemisorp- 
tion of a specified gas, it is necessary to 
remove the contaminations from the metal 
surface, for instance by heating in vacua 
at high temperatures. To prepare a catalyst 
of sufficient thermostability, the metal can 
be dispersed on a carrier with a large sur- 
face area. The usual preparation tech- 
niques (4) mostly yield a system contain- 
ing isolated metal particles with diameters 
ranging from lo-500 A. Since the mag- 
netization of ferromagnetic substances can 
be easily measured, nickel dispersed on 
silica makes an interesting object for the 
study of the influence of adsorption on 
magnetic properties. 

The magnetic behavior of such a system 
deviates in some respects from that of 
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bulk ferromagnetics. Below the Curie tem- 
perature the atomic magnetic moments of 
a ferromagnetic substance are always 
parallel. The magnetostatic energy of these 
substances is lowered by the formation of 
domains so arranged that the magneto- 
static energy is minimum. 

Ferromagnetic substances can be mag- 
netized in two ways. At a low magnetizing 
field strength by displacement of the 
boundary between two domains, or by co- 
herent rotation of the atomic moments of 
a domain ; latter process requires a high 
field strength. Because both processes re- 
quire an activation energy, the thermo- 
dynamical equilibrium position of the mag- 
netization in the domains and of the ar- 
rangement of the domains is generally not 
attained in a reasonable time with the re- 
sult that hysteresis is observed. Kittel (7) 
theoretically explained that below a given 
particle size (about 150 A), the energy 
decrease brought about by the division into 
domains is smaller than the energy nec- 
essary for establishing the domain walls, 
and, hence, that below this limit the ferro- 
magnetic particles are single domains and 
can be magnetized only by coherent rota- 
tion of their atomic moments. As such a 
rotation requires a higher activation en- 
ergy than the displacement of a domain 
wall, the remanence and the coercive force 
increase. But as the activation energy 
needed for rotation is proportional to the 
volume of the particle, the activation en- 
ergy decreases again with decreasing par- 
ticle size until for very small particles the 
activation energy finally reaches a value 
of about kT, i.e., the thermal energy. The 
time necessary for attaining thermody- 
namic equilibrium is strongly affected by 
the ratio between the activation energy 
and the thermal energy, and in a narrow 
range of particle diameters this time 
changes from parts of a second into years. 
So there is a distinct difference between 
particles that can attain thermodynamic 
equilibrium in a short time at some tem- 
perature and particles ths,t will not do so 
in a reasonable time. The first kind of 
particles will not show any remanence. If 
the energy does not vary with the orienta- 

tion of the magnetization in the particle 
(isotropic behavior), such a system of iso- 
lated particles will behave just as a system 
of paramagnetic atoms. The moments of 
the particles containing 102-lo5 atoms are 
much greater, however, and hence the mag- 
netization at some temperature in a defi- 
nite field is much greater than for an equal 
density of paramagnetic atoms. Systems 
showing this behavior are called ‘%uper- 
paramagnetic” (8). 

In fact, the magnetic energy for ferro- 
magnetic particles is never isotropic. In 
the case of randomly orientated particles 
with uniaxial or cubic anisotropy, there 
are two extreme cases for which the mag- 
netization can be calculated after estab- 
lishment of thermodynamic equilibrium 
(9) : 

1. When the anisotropy energy is much 
greater than the orientation energy of the 
magnetic moments of the particles in the 
external field, the magnetization is 

if 
M = MdcrpH/3W (1) 

where M, is the saturation magnetization 
of the system, pLp is the total magnetic 
moment of a particle, H is the external 
field strength, k is the Boltzmann constant, 
and T is the absolute temperature. 

2. When the orientation energy far out- 
weighs the anisotropy energy and k,,H >> 
kT, 

M = M,[l - (kT/ppH)] (2> 

Whether or not a mathematical expres- 
sion for the fractional magnetization is 
available, the only factor determining the 
fractional magnetization when thermody- 
namic equilibrium is reached is H/T. Be- 
side the absence of remanence, the super- 
position of the magnetization data at dif- 
ferent field strengths and temperatures as 
a function of H/T is also a suitable and 
convenient criterion for superparamagnetic 
behavior (10). 

From experiments on nickel-on-silica 
catalysts it is known (4) that the nickel 
particles are present in a range of sizes. If 



10 GEUS, NOBEL, AND ZWIETERING 

Eq. (1) describes the magnetization of the 
particles of a definite dimension, the mag- 
netization for such a system is (11) 

AU = (HI,2/3kT) c niv? (3) 

where I, is the saturation magnetization of 
nickel at T”K and ni is the number of 
nickel particles present with a volume vi 
per unit volume of the catalyst. 

The saturation magnetization of the 
catalyst is 

.‘M, = I, 2 T&Vi (4) 

hence, the fractional magnetization is 

M HI,znivf HI, V2 
M, = iiii? Cnivi = 3kT : (5) 

Thus if the saturation magnetization of -- 
the system is known, the value of vZ/v 
can be calculated from the slope of the 
tangent to the M/M, versus H/T curve in 
the origin. 

Because of the thermal disordering, the 
field strength necessary for saturating the 
nickel particles is much higher than that 
for bulk ferromagnetics. Owing to this, 
saturation of the smallest nickel particles 
present in a nickel-on-silica catalyst can 
only be satisfactorily approximated from 
measurements at liquid helium tempera- 
ture and high field strengths (about 10 
koe). Investigation of the effect of ad- 
sorption on the saturation magnetization 
at higher temperatures requires so high a 
field strength as can only be maintained 
for very short times (12). The magnetiza- 
tion at low field strengths can be measured 
much more easily and, for that reason and 
also for measuring the effect at higher 
temperatures, investigation of the behavior 
of the low-field-strength magnetization on 
adsorption is very attractive. 

The first experiments of this kind were 
performed by Selwood (13). On adsorp- 
tion of hydrogen on a nickel-on-silica 
catalyst, he usually observed a decrease 
in magnetization; only at low tempera- 
tures an occasional increase was found 
(14). Beside these low-field experiments, 

Selwood and Dietz (15) investigated the 
behavior of the saturation magnetization 
on hydrogen adsorption. Only at 4.2”K and 
field-strengths of about 10 koe could they 
satisfactorily approximate saturation. In 
these measurements a decrease in satura- 
tion magnetization was always observed. 

Just like this decrease, the decrease in 
low-field magnetization can be very easily 
explained by the pairing of unpaired d- 
electrons of the nickel with the valence 
electrons of the chemisorbed hydrogen 
atoms or by the destruction of the ferro- 
magnetic behavior of the nickel surface 
atoms to which the adsorbed atoms or 
molecules are attached. The increase, how- 
ever, could not be explained in a simple 
manner. Because of the aforementioned 
importance of magnetization measurements 
at low field strengths, we started an in- 
vestigation to explain the fact that one 
and the same gas can increase the Iow- 
field magnetization and decrease the satu- 
ration magnetization on adsorption. 

EXPERIMENTAL PROCEDURE 

(a) Measurements of the Magnetization 

For measuring the magnetization an ap- 
paratus was developed analogous to the 
“permeameter” of Selwood (13)) see Figs. 
1 and 2. Two pick-up coils were inserted 
into two equal water-cooled air coils ca- 
pable of providing a root-mean-square field 
strength of about 450 oe. The wires (0.2 
mm platinum) of the pick-up coils were 
directly wound on asbestos-covered cylin- 
drical Pyrex vessels (63 turns, height 45 
mm, diameter 22 mm). The resistance of 
each coil was 17 ohms. The primary coils 
(914 turns of 2-mm copper wire) were 125 
mm high, with an external diameter of 210 
mm and an internal diameter of 70 mm. 
They were fed with a stabilized current of 
variable strength and a frequency of 50 
cycles/set. 

One of the pick-up coils contained the 
sample, the other was empty. The voltage 
difference across the two coils was meas- 
ured with a Philips ac electronic voltmeter 
(type GM 6012). To cancel the signals 
from the two coils, when both are empty, 



LOW-FIELD MAGNETIZATION OF SICKEL CBTALYSTS 11 

either coil was connected to a 1-meg re- 
sistor-such a high resistance being neces- 
sary to keep the phase difference negli- 
gible-and a variable part of the voltage 

H2 
II 

vacuum 

H2 t n 

difference across a 1-meg resistor could be 
taken (Fig. 2). By carefully shielding all 
leads, the sensitivity for stray signals was 
reduced so far that the measured voltage 
difference was constant within 0.02 mv. 

h 
catalyst 

FIG. 1. Measuring cell. 

FIQ. 2. Electrical system. 

Using a small sleeve heater (NiCr wire 
wound around a glass cylinder), the sam- 
ple could be heated inside the primary 
coil ; a Dewar vessel was installed for 
measurements at low temperatures. To en- 
sure good thermal contact, the measure- 
ments were performed at a He pressure of 
0.3 mm Hg. 

(b) Preparation of the Catalysts 

Two types of catalyst were examined- 
a coprecipitated nickel-on-silica catalyst 
and an impregnated nickel-on-kieselguhr 
catalyst. The coprecipitated catalyst was 
prepared by quickly mixing boiling solu- 
tions of potassium metasilicate and nickel 
nitrate. The precipitate was washed with 
distilled water, filtered off, and dried at 
110°C for 16 hr. The nickel content was 
411/%. 

The impregnated nickel-on-kieselguhr 
catalyst was prepared by grinding (in a 
ball mill) nickel nitrate, water, and kiesel- 
guhr previously washed with nitric acid. 
During the grinding, ammonium nitrate 
was slowly added. The catalyst was filtered 
off, washed with distilled water, and dried 
at 110°C for 16 hr. The nickel content of 
this catalyst was 15.8%. The catalysts 
were reduced in situ in flowing hydrogen, 
which was purified via a Deoxo catalyst 
and a cold trap. After reduction, the sam- 
ple was heated in ZIUCU~ to a final pressure 
of 1Om6 mm Hg. The pumping device was a 
mercury diffusion pump backed by a ro- 
tary oil pump. When the hot catalyst was 
disconnected from the pumps, the pressure 
did not rise above 1O-4 mm Hg in 2 hr. 

Hydrogen used in the adsorption experi- 
ments was purified by diffusion through 
palIadium; carbon monoxide was obtained 
by decomposition of formic acid, and oxy- 
gen was taken from a cylinder. The 
amounts adsorbed were measured with a 
U-tube Hg manometer or R RcT,eod 
manometer. 

RESULTS 

In Fig. 3 the magnetization, after 
correction for the change in saturation 
magnetization of bulk nickel with tempera- 
ture, is plotted versus H/T for the copre- 
cipitated nickel-on-silica catalyst. Correc- 
tion was effected by multiplication by 
1,2/1,,2, where I,, is the saturation mag- 
netization at O’K and I,, is the saturation 
magnetization at T”K. The values were 
taken from a paper by Weiss and Forrer 
(16). The catalyst was reduced at 360°C 
for 591/2 hr. After evacuation and measur- 
ing the hydrogen adsorption effect at a cer- 
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FIG. 3. Dependence of the magnetization of the coprecipitated nickel-on-silica catalyst on field 
strength and measuring temperature. Catalyst, 59% hr reduced at 360°C. KEY: (0) After 183 hr 
evacuation at 360°C; (A) after 222 hr evacuation at 360°C; (0) after 255 hr evacuation at 360°C; 
(Cl A 0) measured at 296°K; (0 A @) measured at 196°K; (W A 0) measured at 77°K. 

tain temperature, the catalyst was heated 
in vacua at 360°C and the hydrogen ad- 
sorption was measured at another tempera- 
ture. To be sure that during heating no ad- 
ditional sintering occurred, the magnetiza- 
tion after reevacuation was determined 
again at various field strengths and at dif- 
ferent temperatures. The total pumping 
times are indicated in the caption of Fig. 3. 
After 183 hr. of evacuation at 360°C pro- 
longed pumping appeared to bring about 
no sintering as the curves did not change 
beyond the measuring reproducibility. Be- 
yond 196”K, the nickel particles are super- 
paramagnetic, as can be concluded from 
the superposition of the data measured at 
196” and 296°K. At 77”K, the sample is 
not superparamagnetic. 

As we cannot determine saturation mag- 
netization experimentally, M, was calcu- 
lated by means of an empirical extrapola- 
tion method outlined by Heukelom et at. 
(17)) and from the slope of the M/M, -- 
versus H/T curve, in the origin v2/v ap- 
peared to be 3.36 X 1O’zo cm3, correspond- 
ing to a “mean radius” of 20 A. 

Figure 4 represents the influence of hy- 

drogen adsorption on the magnetization of 
the catalyst measured at three tempera- 
tures and a field strength of 320 oe. Upon 
admission of hydrogen to the catalyst, the 
same extra decrease in magnetization, 
owing to the liberation of the heat of ad- 
sorption as was reported by Selwood (141, 
is observed. Within a few minutes this 
extra decrease disappeared. The values in- 
dicated in Fig. 4 were measured after the 
voltage difference had become constant 
within 0.02 mv. When the catalyst tem- 
perature was 77”K, only about 2 c&/g 
nickel were adsorbed instantaneously; after 
that the adsorption proceeded slowly. The 
change in magnetization showed the same 
behavior. The adsorption was completed 
by warming up the catalyst to room tem- 
perature and cooling it down again to 
77°K. The occurrence both of instantane- 
ous and of slow adsorption was also ob- 
served with nickel-on-silica catalysts by 
Schuit and de Boer (18) and, with evap- 
orated nickel films, by Beeck et nl. (19), 
by Gundry and Tompkins f20), and by 
Knor and Ponec (21). 

In the temperature range where the 
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FIG. 4. Effect, of hydrogen adsorption on the magnetization of the coprecipitated nickel-on-silica 
catalyst. Catalyst, 59% hr reduced at 360°C. KEY: (m) Measured at 77°K after 183 hr evacuation at 
360°C; (dj measured at 196°K after 2OP/ hr evacuation at 360°C; (A) measured at 296°K after 
222 hr evacuation at 360°C; (4) measured at 196°K after 239 hr evacuation at 360°C; (0) meas- 
ured at 296°K after 255 hr evacuation at 360°C; (d), measured at 296°K after 272 hr evacuation 
at 360°C. 

40 magnetization 

1 (arbitrary units) 

FIG. 5. Dependence of the magnetization of the coprecipitated nickel-on-silica catalyst on field 
strength and measuring temperature. Catalyst, 26 hr reduced at 525°C. KEY: (0) After 40 hr 
evacuation at 525°C; (A) aften 64% hr evacuation at 360°C; (0) after 101 hr evacuation at 360°C; 
(D A 12) measured at 296°K; (0 A @) measured at 196°K; (W A 0) measured at 77°K. 
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nickel particles behave superparamag- 
netically, the effect of hydrogen adsorp- 
tion does not depend on the measuring 
temperature, as can be concluded from the 
superposition of the data measured at 
196” and 296°K. The effect of hydrogen 
adsorption on the magnetization measured 
at 77°K is appreciably lower. 

From Fig. 5 it appears that after reduc- 
tion of the catalyst at 525°C and heating 
in Z~UCUO at the same temperature, the 
mean diameter of the nickel particles had 
increased. Heating in vacua for 641/z hr at 
360°C caused some additional sintering. At 
196”K, superparamagnetic behavior is still 
present, but at 77°K the deviation from it 
is larger than was observed dn a catalyst -- 
reduced at 360°C. For v2/v, a value sub- 
stantially greater than that found in the 
latter case was calculated, viz., 20.5 X 1O-2o 
cm3, which corresponds to a mean particle 
radius of 36 A. Figure 6 represents the 

FIG. 6. Effect of hydrogen adsorption on the 
magnetization of the coprecipitated nickel-on- 
silica catalyst. Catalyst, 26 hr reduced at 525°C. 
KEY: (0) After 40 hr evacuation at 525°C; (A) 
after 64% hr extra evacuation at 360°C; (0) 
after 101 hr extra evacuation at 360°C; (0, A 
0) measured at 296°K; (A) measured at 196°K; 
(#) measured at 90°K; (m A 0) measured at 
77”‘K. 

effect of hydrogen adsorption. Now the 
magnetization measured at 77°K increased 
on hydrogen adsorption; measurements at 
90°K showed a slightly smaller increase. 

The fact that the decrease is independent 
of the measuring temperature in the super- 
paramagnetic temperature region is dem- 
onstrated again by measurements at 196” 
and 296”K, but the slope of the curves 
found for systems with a different mean 
particle radius varies, as can be concluded 
from a comparison of the experimental 
data at high temperatures in Figs. 4 and 
6. When the mean particle radius increases, 
the influence of hydrogen adsorption di- 
minishes. 

In Fig. 7 the influences of hydrogen and 
carbon monoxide adsorption on magnetiza- 
tion are compared for the catalyst reduced 
at 360°C; the same is done for hydrogen 
and oxygen adsorption on the catalyst re- 
duced at 525°C. To prevent additional 
sintering by the heat of adsorption of oxy- 
gen, the gas was admitted slowly at 77°K. 
The effects of hydrogen, carbon monoxide, 
and oxygen adsorption on the magnetiza- 
tion of superparamagnetic nickel particles 
were equal, as appears from the experi- 
mental data. 

Outside the superparamagnetic tempera- 
ture range, however, the influences of hy- 
drogen and oxygen adsorption differ. Oxy- 
gen adsorption causes the magnetization at 
77°K to decrease slightly, whereas hydro- 
gen shows the reverse effect, the same was 
observed by Leak and Selwood (22) work- 
ing with a sintered nickel-on-kieselguhr 
catalyst at 196°K. In Fig. 8 magnetization 
measurements are plotted for a nickel-on- 
kieselguhr catalyst after reduction for 
1111/2 hr and heating in vacua for 21 hr -- 
at 205°C; the v2/v amounted to 34 X 10d2” 
cm?, from which a mean particle radius of 
43 A can be calculated. When the catalyst 
was heated again in vctcuo at 205’C for 
109 hr after hydrogen adsorption, the mag- 
netization versus H/T plot revealed addi- -- 
tional sintering; v*/v was 38.6 X 1O-20 cm” 
and the mean particle radius, 45 A. Al- 
ready at 196°K the sample was no longer 
superparamagnetic, the points measured at 
196°K not being situated on the 296°K 
line. After sintering for 41 hr at 310°C in 
V~CUO, prolonged pumping at 210°C did 
not effect further sintering (Fig. 9) ; the -- 
ZY/Z amounted to 79 X 1O-20 cm” and the 
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mean particle radius to 57 A. The decrease mean particle dimension could not be cal- 
in the magnetization of these nickel par- culated. Now the adsorption of hydrogen 
titles, measured at 296°K on hydrogen ad- increased also the magnetization measured 
sorption, is lower than for the nickel par- at 296°K (Fig. 12). 
titles present prior to sintering at 310°C On hydrogen adsorption, the magnetiza- 
(Fig. 10). Hydrogen adsorption increased tions measured at 77” and 196°K showed 
the magnetization measured at 196”K, and the same pattern as prior to sintering at 
the increase in magnetization measured at 490°C. However, the maxima of the mag- 

H, adsorption mras. at 77 OK 
on 525 l C red. catalyst 

HP adsorption on the same catalyst 

FIG. 7. Comparison of the effects of carbon monoxide and hydrogen adsorption and of oxygen and 
hydrogen adsorption on the magnetixation of the coprecipitated nickel-on-silica catalyst. KEY: ( -3< ) 
Carbon monoxide adsorption; catalyst, 59% hr reduced at 360°C and 316% hr evacuated at 360°C 
measured at 296°K; (0 0) Oxygen adsorption; catalyst, 26 hr reduced at 525°C; 40 hr evacuated 
at 525°C and 122 hr at 360°C; (0) measured at 296°K; (0) measured at 77°K. 

77°K is still larger. In each of these cases 
the magnetization reached a maximum 
after which it decreased again. After sin- 
tering at 490°C for lSl/, hr, the deviation 
from superparamagnetic behavior is still 
larger (Fig. 11). In this case the nickel 
particles do not behave superparamag- 
netically at the highest measuring tem- 
perature (296°K). Hence, part of the 
nickel particles is not measured and the 

. 
netizations were higher than for the cata- 
lyst sintered at 310°C. Oxygen adsorbed 
on the catalyst sintered at 49O’C caused 
a small increase in magnetization at 77°K 
and a small decrease in magnetization at 
296°K. 

All results presented here appeared to be 
well reproducible. Some additional meas- 
urements were performed on commercial 
nickel-on-carrier catalysts; in these meas- 
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t 296 “K 

FIG. 8. Dependence of the magnetization of the nickel-on-kieselguhr catalyst on field strength and 
measuring temperature. Catalyst, 111% hr reduced at 205°C. KEY: (0) After 21 hr evacuation at 
205°C; (0) after 109 hr evacuation at 205°C; (0 0) measured at 296°K; (0 0) measured at 
196°K; (0 B) measured at 77°K. 

magnetization 
7.5. (arbitrary units) 

t 

FIG. 9. Dependence of the magnetization of the nickel-on-kieselguhr catalyst on field strength and 
measuring temperature. Catalyst, 111% hr reduced at 205°C. KEY: (17) After 41 hr evacuation at 
310°C; (A) after 45 hr extra evacuation at 210°C; (0) after 61% hr extra evacuation at 210°C; 

(0 A 0) measured at 296°K; (0 A a) measured at. 196°K; (H A 0) measured at 77°K. 
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F~Q. 10. Effect of hydrogen adsorption on the magnetization of the nickel-on-kieselguhr catalyst. 
Catalyst, 111% hr reduced at 205°C. KEY: (dd) Aft er evacuation at 205°C measured at 296°K; 
(I7 A 0) after evacuation at 310°C; (,n A 0) measured at 296°K; (0) measured at 196°K ; 
(A) measured at 77°K. 
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FIG. 11. Dependence of the magnetization of the nickel-on-kieselguhr catalyst on field strength and 
measuring temperature. Catalyst, reduced at 210”-260°C for 120 hr. KEY: (0) after16% hr evacua- 
tion at 490°C; (A) after 16 hr extra evacuation at 210°C; (0) after 32 hr extra evacuation at 
210°C; (X) after 48 hr extra evacuation at 210°C; (0 A 0) measured at 296°K; ([1 @) meas- 
ured at 196°K; (M A 0) measured at 77°K. 
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Fro. 12. Effect of oxygen and hydrogen adsorp- 
tion on the magnetization of the nickel-on-kiesel- 
guhr catalyst. Catalyst reduced at 210”-250°C for 
120 hr. KEY: (0) hydrogen adsorption after 
16% hr evacuation at 42O”C, measured at 2WK, 
(1) measured at 77°K; (A) hydrogen ad- 
sorption after 16 hr extra evacuation at 21O”C, 
measured at 296”K, (A) measured at 77°K; (0) 
hydrogen adsorption after 32 hr extra evacuation 
at 21O”C, measured at 296”K, (@) measured at 
196”K, (#) measured at 90”K, (0) measured at 
77°K; (x) oxygen adsorption after 48 hr extra 
evacuation at 2lO”C, measured at 296”K, ( * > 
measured at 77°K. 

urements essentially the same effects were 
observed. 

DISCUSSION 

(a) Effect of Chmisorption on 
Superparamagnetic Particles 

As is seen from our experiments, the 
effect of hydrogen adsorption on the mag- 
netization of superparamagnetic and non- 
superparamagnetic nickel particles is dif- 
ferent. For superparamagnetic particles the 
decrease in magnetization does not depend 
on the measuring temperature; this was 

also observed by Diet?; and Selwood (11) 
on particles that are superparamagnetic in 
the temperature range 77”-296°K. 

For the coprecipitated nickel-on-silica 
catalyst reduced at 360°C the M versus 
H/T plot is linear up to an H/T value of 
about 1.5. From this it ,can be concluded 
that in the hydrogen adsorpton experi- 
ments on this catalyst, in which the mag- 
netization was measured at 196” and 
296’K in a field of 320 oe (Fig. 4)) Eq. (3) 
is valid. Thus 

M = (I,2H/3kT) T niv? (3) 

OF 

M = (H/3kT) z n&?pN? 63) 
i 

where nai is the number of atoms of the 
nickel particles with volume 2)i and ,.&Nl is 
the average magnetic moment of a nickel 
atom. 

Tentatively assuming a system with uni- 
form nickel particles with n, atoms per 
particle, Eq. (6) changes into 

M = (Hni/3kT)n,2~Ni2 (7) 
and 

Assuming finally that the nickel particles 
are homogeneously covered with hydrogen 
and that NH hydrogen atoms are adsorbed 
per nickel atom, the slope in the origin of 
the relative magnetization versus amount 
of absorbed hydrogen curve of the meas- 
urements at 196’ and 296’K in Fig. 4 
shows that 

@M/M) = 202 
dNH . 

which leads to 

(9) 

1 d%PNi ~ - = 1.01 
n&N1 dNH 

(10) 

In the Introduction mention was made 
of two mechanisms for the decrease in 
magnetization on chemisorption, viz., a co- 
valent bonding of the electrons of the ad- 
sorbate with unpaired electrons of the d- 
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bond of the nickel, and the destruction of 
the ferromagnetic properties of a surface 
nickel atom by the attachment of an ad- 
sorbed atom or molecule. 

In the first process, only the average 
magnetic moment per nickel atom changes 
(dn, = 0), and from Eq. (lo), since PNi is 
0.6, it follows that about 0.6 electron spin 
is paired per adsorbed hydrogen atom. 
(Judged from the experimentally deter- 
mined g-value of 2.22, this number is 
slightly less.) In the second process dPNi 
= 0, and it appears from Eq. (10) that the 
adsorption of a hydrogen atom destroys 
the ferromagnetism of one nickel atom. 

In view of the assumptions that had to 
be made in the derivation of Eq. (8), 
definite conclusions about the number of 
paired electron spins, or the number of 
nickel atoms made nonferromagnetic, per 
hydrogen atom cannot be drawn from 
these low-field measurements. A uniform 
particle size certainly does not exist in our 
system ; as Dietz and Selwood (11) 
showed, a distribution of particle sizes 
could change the factor 1/2 before d&f/M 
from l/1.5 to l/3.7. A homogeneous dis- 
tribution of the admitted gases over the 
nickel particles is improbable since the 
first portion of the gas is irreversibly ad- 
sorbed on the metal at these temperatures. 
Starting from the outside of the catalyst 
grains, the nickel particles are covered one 
after another to some extent. Nevertheless 
it is interesting to note that, from meas- 
urements of the influence of hydrogen ad- 
sorption on the saturation magnetization 
of nickel, Dietz and Selwood (11) arrived 
at about the same number of spins paired 
per hydrogen atom. For our other super- 
paramagnetic systems, Eq. (3) is not valid 
and the influence of hydrogen adsorption 
is less. From the experiments on super- 
paramagnetic particles presented in Fig. 7, 
where the effects of hydrogen, oxygen, and 
carbon monoxide adsorption are compared, 
it follows that the over-all effect per ad- 
sorbed molecule is the same, indicating 
that the distribution of the admitted gases 
on the nickel particles is analogous and 
the number of d-electron spins paired per 
adsorbed molecule is equal. At higher 

coverages the influence of carbon monoxide 
gradually weakens. In many other experi- 
ments not mentioned here, this behavior 
was confirmed. For hydrogen and oxygen 
adsorption on nickel-on-silica catalysts, 
Schuit and van Reyen (4) reported the 
same behavior, whereas Leak and Selwood 
(22) observed a nearly identical trend for 
oxygen and hydrogen working with a non- 
sintered nickel-on-kieselguhr catalyst. As 
to oxygen, reaction of an oxygen atom 
with a surface nickel atom to form nickel 
oxide is probable, and in this process the 
ferromagnetic properties of one nickel atom 
per oxygen atom are destroyed. As the 
number of spins paired by hydrogen and 
oxygen is equal, this is in accordance with 
the value for the number of spins paired 
per hydrogen atom, obtained on the basis 
of the foregoing assumptions. The fact 
that the experiments point to equal spin- 
pairing effects per hydrogen and carbon 
monoxide molecule is not in contradiction 
with the usual opinion about the chemi- 
sorption bond of hydrogen and carbon 
monoxide. From infrared studies Eischens 
et ul. (23) demonstrated the .existence of 
two chemisorbed carbon monoxide species 
on nickel surfaces: 

at low coverage5 at high coverages 

The curved character of the carbon mon- 
oxide plot indicates the gradual replace- 
ment of the two-site adsorption by a one- 
site adsorption. 

(b) The Effect of Chemisorption on 
Nonsuperparamagnetic Nickel Particles 

If nonsuperparamagnetic particles are 
present, the maximum in the curves clearly 
shows that there are two effects: an in- 
crease and, at the same time, a decrease 
in magnetization. Here the total effect 
strongly depends on the measuring tem- 
perature. 

To explain the increase in magnetization, 
Dietz and Selwood (11) and Leak and 
Selwood (22) suggested the possibility.of a 
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decrease in anisotropy energy as a result 
of the adsorption of hydrogen, Our experi- 
ments prove this suggestion to be correct. 

When the nickel particles appear to be 
superparamagnetic in our measurements 
(the frequency of the alternating field be- 
ing 50 cycles/set), they can at most re- 
verse their magnetization in l/50 sec.t 
When the system is nonsuperparamagnetic, 
some particles do not reverse their mag- 
netization with the frequency of the meas- 
uring field, and they are not measured. 
Xow, if the activation energy is decreased 
enough by the adsorption of hydrogen, 
particles whose magnetization cannot re- 
verse in l/50 sec. can, after adsorption, 
follow the measuring field and manifest 
themselves in the measurement, This in- 
creases the measured magnetization, 
whereas the magnetization of those par- 
ticles which are already superparamagnetic 
is decreased by the adsorption. For the co- 
precipitated catalyst reduced at 360°C and 
measured at 77”K, the latter effect still 
exceeds the increase, but the total decrease 
is less than when only superparamagnetic 
particles are present. After reduction at 
525”C, measurement at 77°K shows that 
the production of superparamagnetic par- 
ticles by adsorption dominates. The nickel- 
on-kieselguhr catalyst contains larger Ni 
particles; here an increase was observed 
also on measuring at 196°K; at 77°K this 
effect is even more pronounced. After the 
catalyst was sintered at 46O”C, the mag- 
netization increased also at room tempera- 
ture. The curves measured at 196” and 
77°K show distinct maxima. This indicates 
that the decrease of the anisotropy energy 
and hence of the activation energy for ro- 
tation is limited. 

t A strong influence of the measuring fre- 
quency was observed. A system with rather large 
nickel particles, superparamagnetic at 296°K 
when measured with 50 cycles/set, was not super- 
paramagnetic when measured with 1500 cycles/ 
set at the same temperature. As will be ex- 
plained in the following, measurements at 50 
cycles/set showed a decrease on hydrogen ad- 
sorption, whereas at 1500 cycles/see an increase 
was found. These investigations will be published 
later in full detail. 

Dietz and Selwood (11) raised some 
doubt as to the decrease-in-activation en- 
ergy mechanism, because at 4.2”K they 
did not observe a decrease in remanence of 
a nickel-on-silica catalyst on hydrogen ad- 
sorption. To obtain a decrease in rema- 
nence, an appreciable lowering of the time 
needed for reversal of the magnetization 
is necessary, and such a lowering is not 
present. In our measurements, however, 
there is a sharp boundary (viz., l/50 set), 
and a small decrease in anisotropy energy 
can manifest itself. 

The mechanism by which chemisorption 
lowers the magnetic anisotropy is difficult 
to explain. First, the problem of the origin 
of the magnetic anisotropy of the small 
nickel particles arises. This could be either 
the magnetocrystalline anisotropy or the 
presence of mechanical stress in the nickel 
particles. An effect of adsorption on the 
shape anisotropy is difficult to understand. 
If the magnetocrystalline anisotropy is op- 
erative only, the total anisotropy energy 
of a nickel particle is proportional to its 
number of nickel atoms. If for every hy- 
drogen atom adsorbed one nickel atom is 
brought into a nonferromagnetic state by 
hydrogen adsorption, the total number of 
nickel atoms of a particle is decreased and 
hence also its anisotropy energy. 

This simple explanation, however, is 
ruled out by the equal effects of hydrogen 
and oxygen adsorption on the magnetiza- 
tion of superparamagnetic particles and by 
the different effects on the anisotropy en- 
ergy (see Figs. 7 and 12). For the mag- 
netocrystalline anisotropy two basically 
different theories were put forward. The 
first ascribes the origin of the anisotropy 
to the modification of the spin coupling of 
neighboring atoms by the spin-orbit coup- 
ling of the initially quenched orbital states 
(24) ; the other points to the anisotrooic 
electrostatic environment of the magnetic 
atoms (25). In spite of theoretical difficul- 
ties with regard to the latter theory, meas- 
urements by Bean et al. (26) on small 
cobalt particles in a copper matrix support 
the picture of the anisotropic electrostatic 
environment. They found that the mag- 
netic anisotropy of ferromagnetic atoms 
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with the same electrostatic environment 
does not change. For the nickel atoms on 
the surface, which constitute a large frac- 
tion of the total amount of nickel atoms in 
the systems considered, the electrostatic 
environment is highly anisotropic; hence, 
also the anisotropy originating from these 
surface atoms is high. If now on hydrogen 
adsorption the surface nickel atoms remain 
in their crystallographic position and be- 
come nonferromagnetic, the contribution 
of the surface atoms is eliminated and the 
remaining nickel atoms having about the 
bulk electrostatic environment, do not 
change their contribution to the anisotropy 
energy. Thus the total anisotropy energy of 
the particles is substantially lowered by 
this process. If on oxygen adsorption the 
nickel surface atoms are displaced from 
their crystallographic positions in the 
nickel lattice, the environment of the sub- 
surface nickel atoms is more anisotropic 
than before the adsorption. Their contribu- 
tion to the total anisotropy of the particle 
is large, and the decrease in anisotropy of 
the particles is less than in the case of 
hydrogen adsorption. On the other hand, 
an anisotropic stress, if existing in the 
nickel particles, might determine the mag- 
netoanisotropic behavior owing to the rela- 
tively large value of the magnetoelastic 
constants of nickel. When gases are ad- 
sorbed on the small particles, the contrac- 
tion of the lattice bv the surface energy 
is weakened and the inhomogeneous stress 
decreases. 

For small sodium chloride crystallites, 
the contraction and its relief by adsorption 
was observed by Nicolson (27). Owing to 
the decrease in stress, the magnetic aniso- 
tropy decreases also. It should be possible 
to decide between t,he two theoretical ex- 
planations by means of measurements on 
small iron particles, since in this case the 
influence of stresses is weaker owing to the 
relatively smaller magnetoelastic constants. 

Finally it appears from our results that 
comparison of the effects of adsorption of 
different gases on the low-field magnetiza- 
tion can be made on superparamagnetic 
nickel particles only, since, with nickel 
particles which are not superparamagnetic. 

the decrease in anisotropy 
from’ one gas to another. 

REFERENCES 

21 

energy differs 

1. ‘PUPNELL, B. M. W., “Chemisorption,” p. 
173. Butterworths, London, 1955. 

2. MOTT, I\i. I?., AND JONES, H., “The Theory of 
Metals and Alloys.” Oxford Univ. Press, 
London, 1940. 

3. PAULING, L., Proc. Roy. Sot. A196, 343 
( 1949). 

4. SCHUIT, G. C. A., AND VAN REIJEN, L. L., 
Advances in Catalysis 10, 262 (1958). 

5. HICKMOTT, T. W., AND EHRLICH, G., J. Phys. 
Chem. Solids 5, 47 (1958). 

6. CULVER, R., PRITCHARD, J., AND TOMPKINS, F. 
C., 2. Elektrochem. 63, 741 (1959). 

7. KITTEL, C., Phys. Rev. 70, 965 (1946). 
8. For a full account see BEAN, C. P., AND 

LIVINGSTONG, J. D., J. Appl. Phys. 30, 120s 
(1959). 

9. BEAN, C. P., J. Appl. Phys. 26, 1381 (1955). 
10. BEAN, C. P., AND JACOBS, J. S., J. Appl. Phys. 

27, 1448 (1956). 
11. DIETZ, R. E., AND SELIUXD, P. W., J. Chem. 

Phys. 35, 270 (1961). 
12. LUBORSKY, F. E., AND LAWRENCE. P. E., J. 

Appl. Phys. 32, 2315 (1961). 
13. SELWOOD, P. W., J. Am. Chem. Sot. 78, 3893 

(1956). 
14. LEE, E. J., SABATKA, J. A., AND SELWOOD, P. 

W., J. Am. Chem. Sot. 79. 5391 (1957). 
15. DIETZ, R. E., AND SELWOOD, P. W., J. Appl. 

Phys. 30, 101s (1959). 
16. WEISS, P., AND FORRER, R., Ann. Physik. 5, 

153 (1926). 
17. HEUKEMM, W., BROEDER, J. J., AND VAN 

REIJEN, L. L., J. chim. phys. 51, 473 (1954). 
18. SCHUIT, G. C. A., AND DE BOER, N. H., Rec. 

trav. chim. 70, 1067 (1951). 
19. BEECK, O., AND RITCHIE, IV., Discussions Fara- 

‘day Sot. 8, 159 (1956). 
20. GUNDRY, P. M., .~ND TOMPKINS, F. C., Trans. 

Faraday Sot. 53, 218 (1957). 
21. PONBC, V., AND KNOR, Z., Collection Czecho- 

slov. Chem. Communs. 26, 29 (1961). 
22. LEAK, R. J., AND SEL~WD, P. W., J. Phys. 

Chem. 64, 1114 (1960). 
23. EISCHENS, R. P., PLISKIS, W. 4., .~ND FRAS- 

cm, S. A., J. Chem. Phys. 22, 1786 (1954). 
24. VaN VLECK, J. H., Phys. Rev. 52, 1178 (1937). 
25. C~RR JR., W. J., Phys. Rev. 108, 1158 (1957). 
26. Ba4N, C. P., LTVINGSTONE, J. D., AND RODBELL, 

I). S., J. nhys. radium 20, 298 (1959). 
27. NrcorsnN, M. M., Proc. Roy. Sot. A228, 490 

( 1955). 


